The study of the fluid dynamics of violent volcanic eruptions by laboratory experiment is described, and the important fluid-dynamic processes that can be examined in laboratory models are discussed in detail. In prelim•inary experiments, pure gases are erupted from small reservoirs. The gases used are Freon 12 and Freon 22, two gases of high molecular weight and high density that are good analogs of heavy and particulate-laden volcanic gases; nitrogen, a moderate molecular weight, moderate density gas for which the thermodynamic properties are well known; and helium, a low molecular weight, lowdensity gas that is used as a basis for comparison with the behavior of the heavier gases and as an analog of steam, the gas that dominates many volcanic eruptions. Transient jets erupt from the reservoir into the laboratory upon rupture of a thin diaphragm at the exit of a convergent nozzle. The gas accelerates from rest in the reservoir to high velocity in the jet. Reservoir pressures and geometries are such that the fluid velocity in the jets is initially supersonic and later decays to subsonic. The measured reservoir pressure decreases as the fluid expands through repetitively reflecting rarefaction waves, but for the conditions of these experiments, a simple steady-discharge model is sufficient to explain the pressure decay and to predict the duration of the flow. Density variations in the flow field have been visualized with schlieren and shadowgraph photography. The observed structure of the jet is correlated with the measured pressure history. The starting vortex generated when the diaphragm ruptures becomes the head of the jet. Though the exit velocity is sonic, the flow head in the helium jet decelerates to about one-third of sonic velocity in the first few nozzle diameters, the nitrogen head decelerates to about three-fourths of sonic velocity, while Freon maintains nearly sonic velocity. The impulsive acceleration of reservoir fluid into the surrounding atmosphere produces a compression wave. The strength of this wave depends primarily on the sound speed of the fluid in the reservoir but also, secondarily with opposite effect, on the density: helium produces a relatively strong atmospheric shock while the Freons do not produce any optically observable wave front. Well-formed N waves are detected with a microphone far from the reservoir. Barrel shocks, Mach disks, and other familiar features of steady underexpanded supersonic jets form inside the jet almost immediately after passage of the flow head. These features are maintained until the pressure in the reservoir decays to sonic conditions. At low pressures the jets are relatively structureless. Gas-particle jets from volcanic eruptions may behave as pseudogases if particle concentrations and mass and momentum exchange between the components are sufficiently small. The sound speed of volcanic pseudogases can be as large as 1000 m s-• or as small as a few tens of meters per second depending on the mass loading and initial temperature. Fluids of high sound speed produce stronger atmospheric shock waves than do those of low sound speed. Therefore eruption of a hot gas lightly laden with particulates should produce a stronger shock than eruption of a cooler or heavily laden fluid. An empirical expression suggests that the initial velocity of the head of supersonic volcanic jets is controlled by the sound speed and the ratio of the density of the erupting fluid to that of the atmosphere. The duration of gas or pseudogas eruptions is controlled by the sound speed of the fluid and the ratio of reservoir volume to vent area.
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INTRODUCTION
During violent volcanic eruptions, magma transforms from a liquid containing dissolved gases into a fragment-laden gas (magmatic eruptions); liquid water within pores and cracks transforms into steam laden with crushed host rock (phreatic eruptions); and/or magma and external water may interact (phreatomagmatic eruptions). The thermodynamic and fluiddynamic behavior of complex fluids expanding through regions of complex geometry within the volcano and into the surrounding atmosphere is not well understood and is not amenable to direct observation. Transformation of magma or liquid water plus surrounding rock into a particulate-laden gas, acceleration and motion of this gas, and its interaction with the surrounding atmosphere in a jetlike flow involve the transport of mass, momentum, and energy by complex and nonlinear mechanisms. It is important that these processes be tures to initiate the flow. In our laboratory work we have examined three-dimensional flow from nozzles attached to reservoirs of various geometries, a generalization of the shock tube concept. Our research focuses on the behavior of the erupting material rather than, for example, on the fracture mechanics of host rock, the geochemistry of the fluids, or on magma-water interactions [Wohletz and McQueen, 1983] . In particular, a detailed study is made of the jet that expands into the external atmosphere during a laboratory-scale eruption. The shape and properties of the external flow fields of eruptions, expanding into an infinite half-space, are studied in relation to changing reservoir conditions. We examine the influence of flow unsteadiness, compressibility, and turbulent mixing. Relations between propagating flow fronts and atmospheric shock and compression waves are described. Some of the questions that we address are: 1. How does the atmosphere in the vicinity of an eruption respond to the eruption of fluids of differing thermodynamic properties ? 5. What is the relation between the observable properties of the external flow and the internal history of the reservoir as the discharge develops ?
VOLCANIC JETS AND PLUMES
To illustrate the evolution of volcanic jets, it is useful to consider a simplified large-scale, gas-rich eruption that produces a caldera. Figure 1 shows how an eruption sequence might be divided into four stages: (1) initial conditions (the states of the atmosphere, magma, and host rock immediately prior to an eruption); (2) triggering (the event that exposes a reservoir at high pressure to ambient pressure) and development of flow; (3) quasi-steady flow (during which constant flow conditions near the source persist for measurable times); and (4) decline (when flow velocities and mass flux are small).
Relative durations of the stages depend on circumstances of triggering, reservoir size and geometry, and fluid properties. For example, in some sequences, caldera collapse might not occur, as in small Hawaiian eruptions. On the other hand, fluid flow processes may overlap several of these stages, e.g., caldera collapse may actually begin when an eruption is triggered and continue until after the eruption terminates. Nevertheless, these four stages provide a framework for comparing laboratory experiments to volcanic events.
Jets and plumes are fluid flows in which mass, momentum, and energy are convected from an isolated source into a sur- rounding atmosphere. In terms of end-member behavior, pure plumes are entirely buoyancy driven, and pure jets are entirely momentum driven. As commonly described, plumes are driven primarily by buoyancy, while jets can be momentum driven or buoyancy driven [Turner, 1973; Chen and Rodi, 1980] . Thus buoyant jets may equally well be referred to as forced plumes.
It is well known that the effects of gravity are frequently important in the development of volcanic jets and plumes, but it has only recently been fully appreciated that in many volcanic flows, particularly in those described as "explosive," the momentum imparted to the fluid by the source is substantially greater than that acquired from (or lost to) gravity, so the effects of gravity may be neglected [Wilson, 1980; Kieffer, 1982a] . It is to these flows that we have directed our attention in this work. Accordingly, we refer to the flows as "jets" in order to emphasize both that the rapidly developing volcanic flows we treat are principally momentum driven and that the laboratory experiments do not model gravitational effects.
Multiphase Flows
Upon exit from the conduit, most volcanic jets are a dispersed multiphase mixture of liquid droplets and ash particles in vapors and gases. Considerable mass transfer takes place between the particulate and vapor phases by exsolution of dissolved gases and by evaporation and condensation of the volatile components. Analytical treatment of the flow is simplified when (1) the mass exchange is small, (2) the momentum and energy exchange between the phases occurs rapidly enough that their velocities and temperatures are nearly equal, and (3) the concentration of ash is so small that interactions (including collisions) between particles are unimportant. Under these conditions, the mixture approximates a perfect gas whose density is equal to that of the mixture and whose pressure is equal to that of the gaseous phase. The fluid properties are described by a gas constant R and an isentropic exponent • that are not simply the gas constant and the ratio of specific heats cp/cv, respectively, of the gas, but are mass weighted with the corresponding values for the solid. In this case the fluid is called a pseudogas, and the well-known theory of single-phase gas dynamics can be used to describe the behavior of the jet. Typically, the sound speed of the pseudogas mixture is so low that the flow velocity is supersonic. Furthermore, the ratio of specific heats of the pseudogas is very II Fig. 2b . Layout of the experimental facility: sg, spark gap light source; 11 and 12, collimating mirrors; M1 and M2, plane mirrors, k, schlieren knife edge or dot; e, camera lens, f, film plane; pg, pressure gauge and high-pressure gas supply. Not to scale. If spatial or temporal variations of the flow are too rapid for the velocity and temperature of liquid and solid particles to follow, then "relaxation phenomena" occur during the accelerative and heating stages, and the pseudogas approximation is inapplicable. Such a flow can only be described by a two-or three-fluid theory, no satisfactory version of which exists at this time. 
Nonsteady Flows
Explosive volcanic eruptions initially generate flows that are inherently nonsteady; that is, no transformation into a coordinate system moving at constant velocity relative to the earth's surface (which we refer to as the laboratory frame) can render the flow steady. In particular, in the laboratory frame the "head" of the jet, that is, the first fluid to exit from the source and to push continuously out into the surrounding atmosphere, is inevitably time varying. However, if conditions in Table  2 . The atmospheric shock S is shown with a velocity initially greater than acoustic, but decaying quickly to acoustic velocity with distance because of radial spreading. The flow head D is shown leaving the orifice at sonic velocity but with velocity decreasing rapidly to the measured value of 250 m/s. Note the accelerations and decelerations of the particle PP as it passes consecutively through the first rarefaction wave, the area change, the rarefaction waves in the jet (not shown) and the Mach disks. the reservoir remain relatively constant for times longer than several acoustic transmission times across the jet, the jet flow near the source is quasi-steady; the flow only becomes completely steady when reservoir conditions are truly constant and the jet head has propagated far downstream. In the steady or quasi-steady portion of a supersonic jet, acoustic waves and shock waves may occur, but they do not move relative to the lab frame.
During an eruption, conditions within the reservoir change with time (e.g., because of the finite size of the reservoir, because the magma properties change, or because the boundary conditions may change). The changes are communicated to the external flow field by waves that propagate from the reservoir through the jet fluid; these waves move downstream at the local speed of sound relative to the jet fluid. The smallest time for significant changes in the reservoir is the acoustic transit time over the largest dimension of the source chamber, but if a substantial constriction ("throat") occurs at the exit, the decay time can be much longer; many acoustic transit times may be required before reservoir conditions substantially change. Quasi-steady flow occurs in many volcanic eruptions where a narrow conduit or vent overlies a large reservoir. Probable exceptions are in brief eruptions such as Vulcanian or Strombolian bursts. One purpose of the present study is to determine the dependence of quasi-steady flow on initial conditions and reservoir geometry. A volcanic jet can be supersonic when the reservoir pressure is more than about twice the atmospheric pressure, as is frequently the case. When the constriction at the exit is modest or severe (e.g., when a volcanic vent or conduit is small compared with the feeding reservoir), the jet is "underexpanded" because the exit pressure, though less than in the reservoir, is much greater than atmospheric. Typically, underexpanded jets grow rapidly in diameter as they expand into the atmosphere.
Density Effects
Fluid densities in volcanic jets vary over several orders of magnitude; pure steam jets can be less dense than the surrounding air, whereas particulate-laden jets are much denser than the atmosphere. The high density introduces important gravitational effects and affects the flow dynamics. Even though steady subsonic and supersonic jets have been studied extensively in the laboratory, there is little information available about the effects of greatly disparate jet and atmospheric densities. Dense subsonic jets flowing into a less dense medium (such as a water jet into air) grow downstream much less rapidly than jets of density similar to the surrounding atmosphere (such as an air jet into air) [Tombach, 1969] , but the mechanism for this is not clear. Presumably, the inertia of the jet makes it less susceptible to the development of contortions on its surface by instability. Distortion of jet boundaries is the process by which entrainment, turbulent mixing, and therefore jet growth occur. The principal instabilities in dense jets are the Kelvin-Helmholtz instability of shearing flow and the Rayleigh-Taylor instability of an accelerating nonuniform fluid.
As mentioned above, the diameter of underexpanded supersonic jets tends to grow rapidly in the immediate vicinity of the orifice. Since a dense pseudogas has a smaller ratio of specific heats •, than a less-dense one does, its initial growth tends to be greater, because the angle by which the flow is deflected (the Prandtl-Meyer angle) in the expansion wave that reduces the exit pressure to ambient, increases with decreasing •,. Thus the mechanisms by which jet diameter increases downstream are different for subsonic and supersonic jets, and the effect on each of increasing the density of the jet fluid is opposite.
Scaling
Our experiments are at reduced scale, with different fluids, and at lower temperature and pressure than in volcanic eruptions. In order to simulate volcanic eruptions, it is necessary to scale geometric, dynamic, and thermodynamic quantities. 
where L is a characteristic length, usually the diameter of the jet, U is a similar characteristic velocity, p is the fluid density, and/• is the viscosity of the gaseous component of the jet. In gassy volcanic eruptions, viscous forces play essentially no role. That is, the Reynolds number is very large. specific heats (e.g., y -1.14), like the volcanic pseudogas proposed by Kieffer [1982a] as the eruptive fluid in the lateral blast of May 18, 1980, at Mount Saint Helens (y -1.04); however, its density is a factor of 40 less than that assumed for the volcanic pseudogas. At somewhat higher pressure, the Freons can be liquified in the laboratory and provide a good analog for the two-phase flow of water because, in addition to their high density and low ratios of specific heats, near room temperature they are superheated above their boiling points by about the same amount, relative to their critical temperature, as is water at conditions thought to be representative of many shallow crustal environments, i.e., low-pressure (P < 10 kbar), low-temperature (T < 1200 K) source regions.
Flow History
The evolution of jets erupting from the laboratory reservoirs can be described with reference to a space-time (or "x-t") diagram. A quantitative example taken from a typical experiment in the present study is shown in Figure 3 .
When the diaphragm ruptures, an atmospheric compression or shock wave (S) travels from the diaphragm into the laboratory. Simultaneously, a rarefaction wave R• propagates downward, signaling the diaphragm rupture to the fluid in the reservoir and accelerating and expanding it in the upward direction. The head of the rarefaction moves downward with the speed of sound of the undisturbed reservoir fluid (Table 1) . The velocity of the tail of the wave through fluid that has been accelerated upward and has been cooled is smaller than the velocity of the head. However, in the experiments to date the rarefaction is rather weak, because the major acceleration 
Initial Conditions
The results presented here were obtained in runs at an initial reservoir pressure of 7.25 bars and temperature of 27øC. A summary of conditions in the reservoir during the first few pressure plateaus, calculated from the initial conditions (state 4) and the reservoir geometry, is given in Table 2 . Note partic-ularly that the initial densities of the gases vary by a factor of 35.
Development of the Flow
4.2.1. Unsteady flow at the head of the jet. The initial, rapid acceleration of fluid from the reservoir generates a starting vortex structure, which sometimes has the appearance of a vortex ring. This structure becomes the head of the jet (Figures 6a and 7) . Similar vortical structures commonly develop in volcanic eruptions (Figure 8) (Figures 9c and 9d) .
Due to the subsequent deceleration of the flow head and also to the radial spreading of the wave front, the pressure decreases rapidly behind the initial compression. As was already known at the time of the explosion of Krakatoa [Stra- chey, 1888] and is frequently demonstrated by the sonic boom from aircraft, after the wave propagates some distance from the source in spherical symmetry, the pressure behind the front falls below atmospheric. A trailing compression is then required to bring the pressure back to ambient. When fluiddynamic nonlinearity and shock steepening are important, the pressure history in the acoustic far field acquires the shape of the letter N, the so-called N wave. Figure 10a shows the response of a microphone situated a large distance from a transient jet in the present experiments. Several well-formed Nshaped atmospheric waves were observed far from the event at Krakatoa (Figure 10b; $trachey [ 1888] ). The extent of nonlinearity and absence of dispersion of these acoustic gravity waves suggested by the waveforms is remarkable.
Steady State Jet Structure
Our experiments show that, at any distance from the reservoir exit, steady flow features develop almost immediately after passage of the flow head (cf. especially Figure 5a ). Furthermore, even for the shortest reservoir (2.5 cm), which exhausts most rapidly, flows develop that are qualitatively very similar to steady flows at equivalent conditions. Except for brief eruptions in which most of the mass is ejected in the flow head itself, a steady flow model based on contemporaneous reservoir conditions gives a valid picture of conditions in the jet after passage of the starting vortex. A qualitative illustration of the structure of a steady supersonic jet is given in Figure 11 for comparison with the laboratory photographs.
In general, details of the jet structure, including divergence angle, curvature of the external boundary, distance to the Maeh disk shock, and diameter of the Maeh disk, depend on the thermodynamic properties of the fluid, the ratio of reservoir to ambient pressures, and the ratio of exit to throat area (1.07, ½f. 
Decline of the Flow
As time during the eruption increases, and the reservoir pressure decreases, the Prandtl-Meyer angle decreases, and the diameter and stand-off distance of the Mach disk decrease. In effect, the jet "collapses." These changes are most noticeable when the reservoir pressure decreases to a value for which the flow is everywhere subsonic.
In this section we derive an approximate expression for the decay of reservoir pressure with time and compare it with the experimental results. We use the theory of one-dimensional compressible flow and assume quasi-steady flow. In particular, nonuniformities in the reservoir are neglected. Thus the calculation only applies to reservoir geometries for which the constriction at the exit is rather severe. We further assume that the reservoir pressure is so high that the exit flow is choked and the jet flow is supersonic. In principle, a further calculation should be made of the flow decay after the nozzle unchokes and the flow becomes subsonic, but we apply the results only to large pressure ratio cases, for which the time in supersonic flow is much greater than in subsonic. 
DISCUSSION
Though the primary purpose of the present study is to provide a basis for comparison with experiments using multiphase fluids, enough volcanic eruptions resemble these experiments to justify brief discussion of the analogies. The fluids in such eruptions are either gases or behave like pseudogases. Eruptions that produce jets similar to our laboratory jets include phreatic to phreatomagmatic events where pulverized country rock and fragmented magma are driven largely by magmaheated expanding meteoric water vapor and magmatic pyroclastic jets driven largely by exsolved juvenile volatiles. As far as the jet structure is concerned, the origin of the gas is immaterial. Examples might include ( If the eruption begins with the discharge of relatively gas-rich material, e.g., a steam cap, it will produce a stronger, sharper compressive wave than an explosive event that begins with the discharge of more ash or frothy magma. Because the sound speed of a fluid increases with increasing temperature, hot gases will generate stronger compression waves than cooler ones.
Where atmospheric shocks have been observed upon initiation of a volcanic eruption, the setting has often been such that the occurrence of a volatile-rich "cap" overlying a magma is plausible: at the Vulcanian-style eruptions of Ngauruhoe (New Zealand), Sakurajima (Japan), and at Mount Pe16. In contrast, due to the manner by which the lateral blast at Mount Saint Helens on May 18, 1980, was triggered, a dense mixture was suddenly exposed to the atmosphere, and an atmospheric shock wave was absent. The smooth compression wave generated by the blast steepened by atmospheric refraction into a shock only after it had propagated about 200 km from the source [Reed, 1980] . Although no audible shock wave was reported near the volcano, an N wavelike record was obtained at Toledo, 54 km northwest.
Though not apparent in the photographs presented in this paper, but seen in other photos from these experiments, especially of helium jets at small times, the shape of the atmospheric shock is nonspherical, protruding outward along the jet axis. The portion of the shock that is pushed along the axis by the (decelerating) flow head retains a finite strength longer than the portions that diffract around to the sides of the jet. Thus the laboratory results are in accord with the field observations of Nairn [1976] concerning wave shape.
Steady State Jet Structure
The internal structure of volcanic jets, particularly the steady shock and rarefaction waves that arise when the jet is underexpanded (as described in section 4.3), is difficult to document, both due to the paucity of field observations and because of the opacity of volcanic fluids. Reported internal waves (at Tolbatchik, USSR [Livshits and Bolkhovitinov, 1977] ), were not the stationary waves described here, but rather were traveling surge waves attributed to oscillations of exit flow velocities above and below sonic. Actually, conclusive evidence for supersonic flow and internal waves would be the simple observation of substantial jet pluming at the conduit exit, due to Prandtl-Meyer expansion and subsequent inward curvature of the jet boundaries' (sections 2.3 and 2.4). Unfortunately, the part of volcanic jets where such effects occur is often deep within a volcanic crater, or is otherwise obscured from observation by volcanic topography or debris. Such boundaries are often prominent on discharges from geo-thermal bores (Figure 13) , which are sometimes modeled as pseudogas flows.
The high internal pressure that exists in underexpanded jets can erode the conduit (Figure lb) into a crater (Figure lc) [Kieffer, 1982b] ; deposition of ejecta may also modify conduit-crater geometry . The structure of jets emerging from craters will be different from those emerging from simple straight conduits.
Duration of Eruptions
The results of the calculation of reservoir discharge (10) exhibit the variables that influence reservoir pressure decay under conditions for which all the simplifying assumptions of the model apply; that is, for high reservoir pressures and for reservoir geometries in which the exit constriction is severe, so the flow is quasi-steady and supersonic. The variables controlling the discharge are the .gas properties through 7 and the equation of state, the initial reservoir conditions through the sound speed c, and the volume to area ratio VIA. The pressure decay scales linearly with a characteristic time, z = V/(Aco), as shown by the dimensions of (5). The duration of an eruption can be approximated by the time that it takes the reservoir to discharge to the pressure P s that yields ambient pressure Po in the sonic throat. Eruption durations defined in this way scale with z. The z is also the characteristic time for the discharge of a cylindrical reservoir with no exit constriction, which according to one-dimensional shock tube theory, is dominated by nonsteady wave processes and for which VIA = L, the tube length. Thus reservoirs modeled as very long cylinders ("cylinder models") or reservoirs modeled as large volumes with small exits ("pinhole models") both have very large VIA and long durations.
Calculated results from (10) for a range of volcanic conditions and for low-7 fluids are shown in Figure 14 . For a few eruptions where adequate data are available, the model seems to give reasonable relations between t, A/V, and P. As an example, a cylindrical terrestrial steam reservoir (VIA = L) 500 m long initially at 180 bar, 600øC would discharge supersonically until the pressure dropped to 1.8 bar, i.e., to Psi P0 = 0.010. The discharge time would be 5 s. If it were a pseudogas with rn = 100 and y = 1.004 (Table 3) [Nairn, 1976] , and the duration of the lateral blast at Mount Saint Helens on May 18, 1980, was similar [Kieffer, 1982a] .
For discharge to ambient conditions on Io (P•/Po • 10-xø), the duration would be about 50 s for the pure steam example and about 5 min for the pseudogas example.
Terrestrial reservoirs that are simple cylindrical conduits ranging up to a few kilometers in length will, if they contain gaslike fluids, be emptied in a few hundred seconds. Deviations from simple cylindrical geometry that give very large volume to area ratios (V/A) could significantly increase this time. A gas-rich eruption would be about 1 order of magnitude longer if it occured on Io, where the ambient atmospheric pressure is 10-7-10 -x2 that of earth. Gassy volcanic eruptions that last more than a few hours (for example, virtually all large pyroclastic events on the earth and the long eruptions on Io) indicate either that the erupting reservoirs are open to recharge (e.g., resemble continuously discharging fumeroles) or that the discharge is from a finite reservoir but the fluids do not behave as gases or pseudogases for the duration of the eruption (e.g., the discharge of fluids initially liquid when the eruption begins is controlled by the saturation curve). Since many terrestrial eruptions similarly involve saturated liquids, future experiments should examine such cases. The results of the present study cannot be extrapolated to eruptions in which changes of phase control the flow field.
APPENDIX: PRESSURES IN THE RESERVOIR
We present here the equations for the first few steps of the sequence of steady flow conditions that exist in the reservoir during its discharge. We use the geometry and notation of Figure 3 . The expansion of the reservoir fluid behind the shock can be approximated as the following two-step process: (1) an unsteady, constant area expansion through the rarefaction waves, and (2) Table 2 for He, N2, Freon 12, and Freon 22 initially at P,• = 7.25 bars, T,• = 300 K.
